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The t ens i l e  behavior of magnesium single c rys ta l s  a t  a temperature of 
26 2 2OC was investigated a t  varying pressure levels  from 760 t o  8x10-' t o r r .  
For crys ta l s  deformed a t  a constant l inear  s t r a i n  rate of 0.061 min-l, there  
was  no apparent e f fec t  of the vacuum environment down t o  
from a vacuum of 
to r r .  However, 
t o r r  down t o  the lowest pressure at ta ined (8x10-' t o r r ) ,  
the  e f f ec t  of the vacuum environment was t o  increase the s t r a i n  at  the end of 
the f i r s t  l inear  (or  easy gl ide)  stage and t o  decrease the slope of t h i s  stage; 
the magnitude of this  e f fec t  was found t o  be dependent on pressure. 
of the second l inea r  stage was a l so  decreased a t  the lower pressure levels;  
The slope 
however, t h i s  e f f ec t  appears t o  be caused p r h a r i l y  by the vacuum ef fec t  on 
the f i r s t  l inear  stage. 
a l so  found t o  be dependent upon s t r a i n  rate.  The reduction i n  flow s t r e s s  a t  
5x10-' t o r r  was observed t o  be about 10 pc t  fo r  a s t r a i n  rate of 0.0275 min-' 
and 70 p c t  f o r  a s t r a i n  r a t e  of 0.67 min m0. systematic e f fec t  of pressure 
on the  c r i t i c a l  resolved shear s t r e s s  was o?kgrved. The data are interpreted 
i n  terms of a modified form of Matt's work haqeding mechanrblil Lor hexagonal 
The magnitude of the vacuum environment e f fec t  was 
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EFFECTS OF VACUUM ON THE TENSILE PROPERTIES 
OF MAGNESIUM SINGLE CRYSTALS 
Dell P. Wil l iams* and Howard G. Nelson* 
It has long been known t ha t  surface conditions influence the mechanical 
behavior of materials. Roscoe' demonstrated the jmportance of surface con- 
di t ions on mechanical behavior by tes t ing  cadmium crystals  wlth oxide 1a;yei-s. 
- He found tha t  the "apparent" c r i t i c a l  resolved shear stress f o r  cadmium was 
increased approximately 2.5 times by the presence of an oxide layer  loo0 atoms 
thick. 
tals having films less than 20 atoms thick s t i l l  showing a def in i te  increase. 
This observed strengthening could not be at t r ibuted t o  any strength of the 
oxide f i l m  because of (1) the thinness of the films, and (2) an observed 
increase i n  the flow s t ress  as deformation proceeded. Harper and Cottrel12 
obtained similar r e su l t s  on zinc crystals  which had been etched and steamed 
t o  give a r t i f i c i a l l y  thick oxide films. 
they a l so  carefully examined the very early stages of p l a s t i c  flow fo r  zinc 
The magnitude of t h i s  effect  was dependent on film thickness with crys- 
However, i n  the course of t h i s  study, 
c rys ta l s  which, i n  one case, had been electrolyt ical ly  polished, and, i n  the 
other, had been iigh%* stche2 t o  pnduce a th in  film. 
the c r i t i c a l  resolved shear s t r e s s  f o r  both surface treatments of the c rys ta l s  
was actual ly  ident ical  but t h a t  the etched crys ta l  exhibited a much more rapid 
They then found tha t  
i n i t i a l  hardening ra te ,  
indicated tha t ,  i n  fac t ,  the  f i l m  caused an increase i n  the s t r e s s  fo r  continua- 
t i on  of s l i p ,  ra ther  than f o r  the in i t i a t ion  of s l i p .  
This had not been noted previously. This r e su l t  
*D. P, W i l l i a m s  and H. G. Nelson are employed by the National Aeronautics 
and Space Administration, Vehicle Environment Division, Ames Research Center, 
Moffett Field, California. 
c 
Lipsett and King' investigated the effect  of evaporated gold films on the 
p l a s t i c  behavior of cadmium single crystals.  For large angles (2575 deg) between 
the specimen axis and the normal t o  the s l i p  plane, they found tha t  the s t r e s s -  
s t r a i n  curve of the coated specimen always l i e s  above t h a t  for a clean specimen. 
The shear s t r a i n  a t  the end of the f i rs t  l inear  stage w a s  greater i n  clean spec- 
imens than i n  coated specimens and the slope of the second l inear  stage was less 
i n  the clean specimens than in- the coated specimens. Recent results by Kramer 
and Podlaseck* on aluminum crystals  i n  high vacuum-indicate tha t  even the t h i n  
oxide films normally found on polished metal surfaces can s ignif icant ly  influence 
mechanical 'behavior. 
. 
Independently, Matt''' postulated a model f o r  work hardening which he discussed 
i n  terms of hexagonalmetals. He suggested that the edge dislocations on the basal 
plane would be f ree  t o  glide' out of the  c r y s t a l  with re la t ive ly  l i t t l e  interrup- 
t i o n  due t o  an almost complete absence of nonbasal s l i p  with th i s  c rys ta l  s t ruc-  
ture.  
films on the surface, 
other screws which have acquired suff ic ient  jogs t o  stop t h e i r  movement. 
jogged screw ciislocztions then would consti tute a fores t  of dislocations which 
would hinder fur ther  dislocation motion. If some of the sources of dislocation 
on prismatic o r  pyraaidal planes become act ive during the first l inear  stage, 
hardening then could be explained by an increase i n  the density of jogged d i s lo  
cations and the consequent increase in  the density of piled-up groups of screws. 
The t r ans i t i on  from the first t o  the second l inear  stage would then correspond 
t o  a sudden increase i n  the  ac t iv i ty  of nonbasal s l i p  systems. Mott has suggested 
Thus, the only bar r ie rs  t o  edge dislocations would be oxide o r  other typ 
The screw dislocations, however, would p i l e  up against 
The 
t h a t  t h i s  sudden ac t iv i ty  i s  due t o  the back stress. caused by piled-up groups of 
screws. 
The postulates of Mott's model might be consistent with the experimental results 
of references 1, 2, and 3, if  the effect  of sur'face bar r ie rs  was considered t o  be 
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significant.  
the s t r a i n  hardening character is t ics  of a hexagonal metal when subjected t o  high 
It was therefore f e l t  that  there could be substant ia l  changes i n  
vacuum. The purpose of the present investigation was t o  determine these effects ,  
and, as possible, t o  r e l a t e  them t o  the s t r a in  hardening mechanism. 
EXPEKDENTAL PROCEDWS 
Material and Specimen Preparation. The magnesium melting stock used i n  the 
growth of the single c rys ta l  specimens was t r i p l y  sublimed magnesium which had 
been extruded t o  a 1/2-in. -diameter rod. The spectrographic analysis supplied 
w i t h  t h i s  stock indicated an impurity content less than the weight percentages 
shown: O.oO5 A l ,  0.01 Ca,  0.001 Cu, 0.0003 Fe, 0.001 Mn, 0.0004 N i ,  0.003 Pb, 
0.001 Si,  0.01 Sn, and 0.006 Zn. Thus, the material exhibited a pur i ty  greater 
than 99.96 pc t  M g .  
Magnesium crystals  were grown by directional so l id i f ica t ion  i n  a high- 
pur i ty  graphite mold under an argon atmosphere i n  a ve r t i ca l  furnace similar 
t o  that described by J i l l ~ o n . ~  Crystals, having orientations of the normal Q 2 
t o  the basa l  plane of 51, 44, and 15 deg and corresponding s l i p  directions of 
39, 54, and 75 deg, respectively, with deviations of 21 deg, were grown from 
seeds selected from a ser ies  of randomly g m m  ceecf;  The as-grown crys ta l s  
were 1/2 in. i n  diameter and 6 in. long, 
accuracy of +1/2 deg) and checked i n  each crys ta l  by the Laue back-reflection 1 Orientation was determined ( t o  an 
I 
1 technique i n  combination with Greninger's method of interpretation. photograms were taken a t  90 deg intervals i n  a he l i ca l  pat tern along the 
Four 
length of each crystal .  
indicated by the photograms varied less  than 1/2 deg. 
For a l l  crystals tested,  %he lineage s t ructure  
The acceptable crystals  were separated from the seed and cut in to  3-in. 
lengths by the use of an acid cutting technique. A gage section with an active 
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length of 1-1/2 in.  and a diameter of about 1/4 in. was acid machined i n  each 
crys ta l  specimen by masking the ends and rotating the specimen a t  25 rpm i n  
an aqueous solution of 30 pc t  hydrochloric acid. 
could be detected i n  the gage length. 
No dimensional eccentr ic i ty  
Several gripping techniques were investigated t o  f ind the most sui table  
method of gripping the crystals.  
most acceptable. 
It was found t h a t  machined threads were the 
For threading, the crystals were clamped i n  the la the a t  a 
suff ic ient  distance from the gage section such tha t  no detectable dis tor t ion 
occurred i n  t h i s  section when checked w i t h  X-ray diffract ion.  
made a t  a l l  times t o  minimize bending of the crystal .  
Light cuts were 
Crystal specimens were tes ted after having been given a 1-hr anneal a t  
4OO0C, a 1-hr anneal a t  3OO0C, and no anneal. 
the  t e n s i l e  curves of a l l  specimens given the two different  anneals was nearly 
ident ical .  
t o  re l ieve any possible dis tor t ion due t o  handling. 
within 48 hr a f t e r  annealing, 
through the  machined grips following the anneal t o  determine the extent of 
growt'n of graizs induced during the machining of threads, 
It was found tha t  the shape of 
A l l  subsequent specimens tested were given a 1-hr anneal a t  3OO0C 
A l l  tests were conducted 
Several specimens were sectioned longitudinally 
In every case growth 
was not suf f ic ien t  t o  penetrate in to  the gage section of the crystal .  
Before testing,the prepared crystals were polished by gently ro l l ing  i n  a 
t r a y  containing 25 pc t  hydrochloric acid i n  water, 
successively r insed ' in  tap water and in acetone and allowed t o  dry i n  air. 
t e s t s  were conducted within 24 hr a f t e r  polishing. 
After polishing they were 
A l l  
T e s t  Apparatus and Procedure. "ensile tests were conducted i n  a specially 
constructed vacuum chamber which was designed t o  f i t  between the columns of a 
Baldwin tes t ing  machine. Fig. 1 is a sketch of t h i s  system, Vacuum levels  as 
-4 - ! 
l o w  as 5x10-’ t o r r  were at ta ined i n  the t e s t  chaiber by the use of an ion-gettering 
pumping system. 
per sec ion pump, and a titanium evaporator sub lha t ion  pump. 
t e s t  chamber and pumping system were caster mounted so tha t  the chamber could 
be removed from the tes t ing  machine f o r  specimen replacement, The specimen was 
mounted i n  the t e s t  chamber by screwing the threaded ends into self-al ining p in  
grips.  Tensile forces were applied t o  the specimen from the tes t ing  machine by 
the use of bellows-sealed connecting rods. 
’ 
This system incorporated a sorption roughing pump, a 400 l i t e r  
The cantilevered 
Tests were conducted a t  constant l inear  s t r a i n  rates,  i ,  of 0,025, 0,061, 
0 0.081, and 0.67 min-’ a t  a temperature of 26 k 2 C. Load and displacement were 
measured by an SR-4 type load c e l l  having a 100-lb range and a 5OO-lb range and 
a deflectometer, respectively. 
f u l l  scale and s t r a i n  with a precision of 6 .67~10 ’~  mm per mm. 
Load was measured with a precision of 0.5 pc t  of 
The load-displacement 
curve was recorded during the t e s t .  
j Aftzr polishing, the specimens were mounted i n  the vacuum chamber and con- 
nected by the  bellows arrangements t o  the tes t ing  machine. The chamber was then I 
evacuated t o  the desired pressure. 
nude ion gage and periodically f;j; a partial pressure analyzer. It was estimated 
that the t o t a l  pressure values a t  the lower pressures (< t o r r )  were subject 
t o  an e r ro r  of nearly one-half a decade, bu t  that the values a t  higher pressures 
(> During a t e s t ,  the  t o t a l  pressure varied 
s l igh t ly ,  but i n  a l l  cases these variations were less  than half a decade of pres-  
sure. Although detailed studies were not made, it was observed tha t ,  over the 
pressure range employed, the gas composition remained essent ia l ly  the same as 
t h a t  of atmospheric air, 
Pressure was monitored continuously by a 
t o r r )  were more nearly correct,  
Each t e s t  was conducted a t  a constant l inear  s t r a in  rate. By varying both 
the load and s t r a in  magnification factors during the test ,  it was possible t o  
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, 
determine with precision the slopes and extents of the first and second l inea r  
hardening stages. In  three cases the t e s t s  were interrupted a t  the reduced 
pressure and the  s t r e s s  was dropped t o  a value s l igh t ly  below the i n i t i a l  yield 
s t ress .  A i r  was then introduced t o  ra i se  the pressure t o  atmospheric pressure. 
After waiting for  temperature and pressure equilibration, the specimen was 
reloaded and the t e s t  continued. 
The load-displacement cw&e obtained direct ly  from the experimental apparatus 
f o r  each t e s t  conducted was converted t o  a resolved shear s t r e s s  versus shear 
s t r a i n  by employing relat ions fo r  this  conversion developed by Schmid and Boas. 8 
The resolved shear s t r a i n  fo r  single crystals loaded i n  tension has been shown 
t o  be 
where 7 i s  the resolved shear s t ra in;  'po i s  the angle between the normal t o  
the s l i p  plane and the t ens i l e  axis a t  zero deformation; ho i s  the angle between 
61i; direct ion and the tens i le  axis a t  zero deformation; and e i s  the dimen- 
sionless elongation within the active gage length. 
The resolved shear s t r e s s  fo r  single c rys ta l s  under l i ke  conditions has been 
shown t o  be given by 
L 
A 7 = - COS 'po COS h, 
where T i s  the resolved shear stress; A i s  the cross-sectional area i n  the  
act ive gage section; L is the applied load; and hl i s  the  instantaneous value 
-6 - 
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of the angle between the s l i p  direction and the t ens i l e  axis  f o r  a given elonga- 
t ion.  !Re angle h, is obtained from the equation 
s in  ho 
s i n  A, = + E [31 
In employing the above relations,  it was assumed tha t  a l l  macrodeformation 
occurred on the basal plane, {OOOl], i n  the 4159 s l i p  direction. 
was p a r t i a l l y  ver i f ied by metallographic examination of the specimen surface 
This point 
following deformation. 
only operative s l i p  system observed. 
I n  a l l  cases, the  {OOOl) GI-&) s l i p  system was the  
Effect of Pressure. Stress-s t ra in  curves were obtained i n  tension under 
room temperature conditions, 26 * 2OC, at 760 t o r r  and at  vacuum levels  down 
t o  8x10" t o r r .  This ser ies  of t e s t s  was conducted a t  a constant l i nea r  s t r a i n  
r a t e  of 0.061 min-l. 
Fig. 2 shows the e f fec t  of 'varying vacuum leve l  on the t ens i l e  properties . 
For reference, of magnesium single crystals  having 'po = 44 deg and ho = 54 deg. 
the stereographic t r iangle  ani3 8xz-m~ indicating the end of the f i r s t  and the . 
start  of the second l inear  stages have been included. A s  can be seen i n  the 
. figure,  a reduced pressure generally lowered the curves below those observed 
i n  air. Some variat ion of resu l t s  is  observed a t  high vacuum; t h i s  is  believed 
t o  be due, primarily, t o  the random error inherent i n  the measurement of vacuum 
levels .  
Fig. 3 shows the e f fec t  of varying vacuum leve l  on the t ens i l e  properties 
of magnesium single crystals  having 'po = 15 deg and %=75 deg. There is  the 
same general e f fec t  of reduced pressure on the s t ress -s t ra in  curves of these 
c rys t a l s  as t h a t  exhibited by crystals i n  Fig. 2 (To = 44 deg and ho = 54 deg). 
\ 
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Fig. 4 shows the sa l ien t  features of the f i r s t  l inear  stages of Fig. 2. 
This f igure shows as a function of pressure the pc t  Change, from that  observed 
under atmospheric conditions, i n  s t r a i n  a t  the end of the first l inear  stage, 
7,; i n  slope of the first l inear  stage, 8,; and i n  s t r e s s  at the end of t h i s  
stage, T ~ .  It is seen tha t  7 ,  and 8, a re  affected by the reduced pressure. 
Only a minor increase i n  7l was exhibited a t  pressures i n  the range of loe6 
t o r r ,  with increases up t o  80 pc t  observed i n  specimens tes ted a t  about 10'
t o r r .  The e f fec t  of reduced pressure on 8, has the opposite trend t o  that 
for  7, with a decrease i n  slope of about 70 pc t  observed a t  a pressure of 
about lo-* t o r r .  Because 7, and 8, a r e  nearly mirror images of one another, 
-rl i s  found t o  be essent ia l ly  independent of pressure variation. 
comparisons could not be made fo r  the results of Fig. 3 since the first l inear  
Similar 
stage was not well defined. 
Fig. 5 shows the sa l ien t  features of the second l inear  stages of Figs. 2 
and 3. This f igure shows as a function of pressure the pc t  change, from t h a t  
observed under atmospheric conditions, i n  s t r a i n  a t  the beginning of the second 
l inea r  stage, 7,; i n  slope of the second l inea r  stage, 8,; and i n  s t r e s s  a t  the 
beginning of this stage, -r2. 
crys ta l s  of both orientations.  
It is seen t h a t  7, and 8, vary with pressure fo r  
However, crystals  with 'po=15 deg and ho = 75 deg 
- 
exhibited a greater pressure e f fec t  i n  t h i s  second stage than did those w i t h  
cpo = 44 deg and ho= 54 deg. 
bas i s  of a s t ra in- ra te  effect  t o  be discussed l a t e r .  
This orientation dependence can be explained on the  
Although the l inear  s t r a in  . 
r a t e s f o r  bothorientat ions were identical, the  shear s t r a i n  r a t e  of crystals  
having t h e i r  normal t o  the basal plane (9,) a t  15 deg'was much greater than 
those having 'po equal t o  44 deg. 
three tests conducted i n  anibient atmosphere, after s t ra ining i n  vacuum near or  
Next, it is seen from the figure t h a t  the 
in to  t h e  second l inea r  stage (see Fig. 2 ) ,  exhibited similar reductions i n  8, 
-8- 
t o  those t h a t  were continued i n  vacuum. This r e su l t  tends t o  indicate that  the 
observed pressure e f fec t  on 8, 
It i s  a l so  seen from the figure tha t  
within data sca t te r .  
is  due t o  the tes t ing  his tory of the c rys ta l .  
T~ appears t o  be independent of pressure 
I 
Effect of Strain Rate, Stress-s t ra in  t e s t s  were conducted a t  various constant 
l inear  s t r a i n  ra tes  under room temperature conditions i n  the presence of ambient 
atmosphere and a t  vacuum levels of approximately 5x10m8 tor r .  These constant 
l inear  s t r a i n  rates, :, were 0.025, 0.081, and 0.670 min”. 
specimens used i n  these t e s t s  had cpo = 5 1  deg and ho = 39 deg. 
Single c rys t a l  
Fig. 6 shows the e f fec t  of s t r a i n  ra te  on the observed dependence of the flow 
s t r e s s  on pressure. 
of 0.025 and 0.67 min-’ indicate the normally expected strengthening which occurs 
Tests conducted a t  atmospheric pressure and a t  s t r a i n  r a t e s  
with increasing s t r a i n  ra te .  The magnitude of t h i s  strengthening is, of course, 
dependent on orientation, temperature level, and p r io r  history.  
rate t e s t s  conducted a t  a vacuum leve l  of 5 ~ 1 0 ~ ’  tor r ,  however, show a trend 
opposite t o  t h a t  observed i n  air .  
Variable s t r a in -  
1 
1 
I n  t h i s  case, an increase by a fac tor  of 20 
i n  s t r a i n  rate decreased the flow s t ress  by a factor  of 2. 
DISCUSSION 
The experimental test  resu l t s  show t h a t  f o r  magnesium single c rys ta l s  s t ra ined 
a t  a constant l inear  s t r a i n  rate,  the e f fec t  of high vacuum is t o  lower the s t r e s s  
required f o r  a given s t ra in ,  as shown i n  Figs. 2 and 3. 
t i o n  i s  essent ia l ly  independent of pressure down t o  
The s t ress -s t ra in  rela- 
tor r ;  however, between 
I n  and the  lowest t e s t  pressures, the reduction is  dependent on pressure. 
th is  section, the observed resu l t s  w i l l  be discussed i n  terms of a proposed 
qua l i ta t ive  model for  work hardening of hexagonalmetals. 
the model w i l l  be canpared t o  a mechanism suggested by Mott.5J8 
The various points i n  
1 
-9 - 
The crystals used in this investigation all had a surface layer of normal, 
oxide film. 
under high vacuum conditions at the test temperature (26OC). 
ronmental conditions of this investigation, the crystals should exhibit the same 
critical resolved shear stress. This is consistent with the results of this 
This oxide is quite stable and should neither sublime nor decompose 
Thus, for the envi- 
investigation (Figs. 2 and 3) 
From this investigation it is suggested that, at the yield point, some dis- 
locations leave the crystal, causing a reduction in the average pileup length and 
a rupture of the contaminated surface layer. It is further suggested that, at 
strains greater than the yield strain, the average length of the pileup and the 
back stress created by it would be related to the rate at which dislocations 
arrive at the surface and to the rate of contanination of the newly exposed sur- 
face layer. Evidence of this is given by the variable strain-rate tests (Fig. 6) 
in which increasing strain rate at. vacuum pressures of 5 ~ 1 0 - ~  had the same effect 
on the curves as would be expected from further reductions in pressure. A s  
deformation continues, more pileups would be created at both the internal and 
surface barriers. The strength and density of these barriers would then determine 
the flow stress for a given strain. 31e strength and density of the internal bar- 
riers are dependent on such well-known factors as orientation, strain rate, tem- 
perature, etc.; thus, they should be relatively independent of environment. The 
average strength and density of the surface barriers, however, are directly 
dependent on environment. 
It is suggested that the end of the first stage is determined by a value of 
the back stress at which a different deformation mechanism becomes operative. 
Fig. 4(c) shows that the resolved shear stress at the end of the first stage is 
essentially constant, regardless of vacuum level. Thus, the value of the back 
-10 - 
s t r e s s  
t o  the 
responsible f o r  activation of a secondary mechanism must 
s t r e s s  contribution of in te rna l  barr iers  but a l so  t o  the 
be due not only 
contribution 
of surface barriers and the result ing pileups. 
Since the mechanism tha t  has generally been proposed f o r  hardening of the 
second l inear  stage i s  based on nonbasal s l i p  and a rapid increase i n  in te rna l  
ba r r i e r  formation, one might expect t h i s  portion of the flow curve t o  be inde- 
pendent of environment. 
slope of the second l inear  stage has a similar environmental trend as tha t  of 
the f irst  stage. 
ronmental h i s tory  of the first stage, as shown by t e s t s  interrupted and con- 
tinued i n  air, Fig. 5 .  The experimental resul ts  are  a t  present too few f o r  a 
The results of t h i s  investigation indicate t h a t  the 
However, t h i s  dependence apparently originates from the envi- 
detailed discussion of t h i s  observation; however, a possible explanation may 
l i e  i n  the increased rate of internal  bar r ie r  formation i n  the second l inear  
stage due t o  orientation and specimen configuration considerations. 
The model which has been praposed is  similar t o  t h a t  suggested by M ~ t t , ” ~  
but with some important differences. 
t h a t  the very long first stage exhibited by hexagonal metals i s  character is t ic  
As noted previously, Mott has suggested 
of long s l i p  distances ana may 5e e,qlained by large numbers of edge disloca- 
t ions  gl iding out of the  crystal .  
i n  t h i s  region is  due t o  the hindrance t o  motion of some dislocations by jogged 
He feels  t h a t  the s l i gh t  hardening observed 
screw dislocations threading the basal  plane. 
r e s u l t  of small amounts of nonbasal s l ip .  
These jogged screws would be the 
The resu l t s  of the present investiga- 
t i o n  suggest t ha t  although some edge dislocations do glide out of the crystal ,  
the  contaminated surface layer ac ts  as a ba r r i e r  and exerts a back s t r e s s  which 
must be overcome by dislocations exiting from the crystal .  Thus, the hardening 
behavior i s  a r e su l t  not only of the  jogged screws and the pileups resul t ing 
therefrom, but  also of the surface barr iers  and the  piled-up edge dislocations. 
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Mott has suggested t h a t  the end of the first l i nea r  stage i s  determined 
by a value of the back stress a t  which appreciable nonbasal s l i p  commences. 
This is  consistent with the results of t h i s  investigation so long as it i s  
noted t h a t  the c r i t i c a l  value of back s t ress  must be due t o  both surface and 
in te rna l  barriers. 
The mechanism by which a high vacuum environment can a f f ec t  the mechanical 
behavior of a metal has been &der study by various researchers f o r  many years. 
Without attempting t o  review all the  proposed theories, most work is  based on 
the e f fec ts  of the  vacuum environment on the creep and fatigue behavior of 
polycrystall ine metals. 
t i a l  pressure of oxygen is reduced, the rate  of formation of an oxide fi lm on 
the freshly exposed s l i p  steps is  decreased and the time in te rva l  f o r  disloca- 
Kramer and Podlaseck4 have suggested that as the par- 
t ions t o  fluw without obstruction through the surface i s  increased. 
appears t o  be a l i ke ly  explanation of the current resu l t s .  
vacuum levels  (> 
and the behavior would be pressure independent. 
(lo-' t o  lo-' t o r r ) ,  the mechanism would suggest t h a t  the average density and 
length of surface pileups, and consequeiit2y the 3 m k  s t ress ,  would be a function 
of oxygen p a r t i a l  pressure. 
would be negligibly small compared t o  the r a t e  at which new surface i s  created 
and the  resu l t s  would again be pressure independent. 
This 
A t  re la t ive ly  high 
t o r r ) ,  a cmplete  and normal oxide f i l m  would be produced 
A t  moderately low vacuum levels  
A t  some lower pressure the r a t e  of oxide formation 
The pressure range over 
which t h i s  would occur would be dependent on the thermodynamics and kinet ics  of 
oxide formation, as well as the  s t r a i n  r a t e  employed. As can be noted from 
Fig. 6, the  results agree w e l l  with th i s  hypothesis since they show the mag- 
nitude of the environmental e f fec t  at a constant pressure t o  be strongly s t r a in -  
rate dependent. 
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SUMMARY 
The ef fec t  of pressures from 760 to  8x10-' t o r r  on the t e n s i l e  behavior of 
magnesium single crystals  was investigated. 
the foregoing discussion, the following remarks can be made: 
Based on the results obtained and 
1) For magnesium single crystals  strained at  a constant l inear  s t r a i n  rate 
of 0.061 min-l, the  stress required f o r  a given s t r a i n  is independent of vacuum 
leve l  from 760 t o  lO-'torr. K t  vacuum levels from t o  t o r r  ( the lowest * 
pressure at ta ined)  the stress required for  a given s t r a i n  decreases w i t h  decreas- 
ing pressure and the reduction is  more pronounced a t  the higher s t r a i n  ra tes .  
2) The ef fec t  of reduced pressure on the s t ress -s t ra in  curve appears t o  
be related t o  the mechanisms associated with the f irst  l i nea r  stage of harden- 
ing. The e f f ec t  of high vacuum is t o  increase the s t r a i n  a t  the end of th i s  ' 
stage and t o  decrease the slope. 
the end of the first l inea r  stage. 
There is  no apparent e f f ec t  on the stress a t  
The apparent e f fec t  upon the second l inea r  
stage appears t o  depend upon the behavior of the f i r s t  l i nea r  stage. 
3) The data indicate that the deformation behavior of magnesium single 
crys ta l s  during first stage hardening can be explained i n  terms of Mott's work 
hardening mechanism 6s spplied tc! hexagonal metals, i f  the e f fec ts  of surface 
ba r r i e r s  are included. 
This investigation is  continuing t o  more c lear ly  define the mechanism by 
which the high vacuum environment effects  the hardening of hexagonalmetals. 
This work w i l l  be concerned with the surface chemistry involved i n  oxide forma- 
t i o n  and fur ther  mechanical behavior of both polycrystall ine and monocrystalline 
hexagonal metals, par t icu lar ly  a t  higher vacuums than presently attainable.  
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FIGURF: CAPTIONS 
Fig. 1. - Schematic drawing of vacuum system and t e s t  apparatus. 
Fig. 2.- The e f f ec t  of vacuum on the tens i le  s t ress -s t ra in  curve fo r  s ingle  
c rys t a l  magnesium, 'po = 44 deg and A, = 54 deg. 
' 
Fig. 3 . -  The e f f ec t  of vacuum on the tens i le  s t ress -s t ra in  curve f o r  s ingle  
crystalmagnesium, cpo = 15 deg and ho = 75 deg. 
Fig. 4.- The effect  of vacuum-on the slope and extent of the f irst  l i nea r  stage 
f o r  magnesium single crystals .  
Fig. 5.- The e f f ec t  of vacuum on the  slope and i n i t i a t i o n  of the second l inea r  
stage f o r  magnesium single crystals.  
Fig. 6.- The e f f ec t  of s t r a i n  rate on the t ens i l e  s t ress -s t ra in  curve i n  air 
atmosphere and vacuum (-.5~10-~ t o r r )  f o r  single c rys t a l  magnesium, 
'Po = 51 deg and ho = 39 deg. 
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